STAT5 has previously been reported to be dispensable for the maintenance of tolerance in vivo. However, in examining hemopoiesis in mice lacking both isoforms of STAT5, STAT5A, and STAT5B, we noted that a subset of these mice demonstrated dramatic alterations in several bone marrow progenitor populations concomitant with lymphocytic infiltration of the bone marrow. In addition, cellular infiltration affecting the colon, liver, and kidney was observed in these mice. Survival analysis revealed that STAT5A/5B ؊/؊ mice exhibited early death. The increased mortality and the pathology affecting multiple organs observed in these mice were abrogated on the recombination-activating gene 1 ؊/؊ background. In light of the similarities between STAT5A/ 5B-deficient mice and mice unable to signal through the IL-2R, we hypothesized that the tolerizing role of STAT5A/5B was triggered via activation of the IL-2R. In agreement with this, we found that IL-2R␤ chain-deficient mice exhibited similar hemopoietic abnormalities. Because IL-2 signaling is thought to contribute to tolerance through maintenance of a CD4 ؉ CD25 ؉ regulatory T cell population, we examined these cells and observed a numerical reduction in STAT5A/5B ؊/؊ mice along with a higher rate of apoptosis. These data provide strong evidence for a requirement for STAT5 in the maintenance of tolerance in
A utoreactive T cells normally are eliminated by central mechanisms of tolerance in the thymus, or are subsequently destroyed or rendered anergic by the complex system of peripheral tolerance. Tolerance in the periphery involves multiple cell types and signaling networks to avoid the generation of cell-mediated or humoral immune responses against self-Ags by lymphocytes that have escaped central tolerance mechanisms (1) (2) (3) . Cytokines that use type I cytokine receptors, such as IFN␥, IFN␣␤, IL-2, IL-4, IL-10, and IL-12, play a critical role in this system by regulating the type, strength, and duration of normal immune responses, and in arresting the initiation and progression of pathogenic immune responses (2, 4 -6) . In particular, the role of IL-2 and its receptor in maintaining tolerance in lymphocytes is well established, because mice deficient for IL-2 or any one of its receptor components spontaneously develop autoimmunity (7) (8) (9) (10) .
The downstream signaling components used by the IL-2R in regulating peripheral tolerance in vivo have not been elucidated (2, (11) (12) (13) . One signal transduction pathway used by the IL-2R to transmit signals into biological actions of target cells is the Janus kinase (JAK) 3 -STAT pathway. STATs are cytoplasmically located, latent transcription factors that dimerize upon tyrosine phosphorylation by an activated receptor complex, translocate into the nucleus, and modulate the transcription of target genes by binding to specific DNA sequence motifs (14, 15) . Disruption of a number of STAT factors such as STAT3 in myeloid cells (16) and STAT6 (17) , normally activated by IL-10 and IL-4, respectively, has revealed that the activation of these transcription factors can be important for the maintenance of tolerance by these cytokines. However, the main STAT family member activated by the IL-2R, STAT5, has not been shown to be important in the maintenance of tolerance in vivo (11, 12) . Initial characterization of mice deficient for STAT5A/5B detected no evidence of autoimmunity (18) , despite the presence of activated lymphocytes in these mice.
STAT5 is activated by diverse cytokine receptors involved at multiple levels within the hemopoietic system. The widespread engagement of its two isoforms, STAT5A and STAT5B, has implicated STAT5 as a potentially important component of cytokine receptor signaling in this context. Surprisingly, therefore, mice deficient for either STAT5A (19) or STAT5B (20) were found to exhibit only subtle alterations in the regulation of hemopoietic cells (21) (22) (23) . In contrast, mice deficient for both the STAT5A and STAT5B isoforms, were shown to have multiple defects in hemopoietic development at all stages of differentiation from the hemopoietic stem cell (HSC) (24 -26) to lineage-committed progenitors (27) (28) (29) . In addition, some abnormalities in the function of mature hemopoietic cells have been described in mice both singly and doubly deficient for the STAT5 isoforms (18, 29 -35) . These findings provided a basis for considering the possibility that abnormalities in T cell maturation and/or homeostasis in the setting of impaired activation could lead to dysregulation and aberrant cell function.
In our studies of the role of STAT5 in hemopoietic development, we noticed significant variability in the expressivity of multiple hemopoietic phenotypes that prompted us to investigate the possibility that defects in cells other than the hemopoietic progenitors contribute to the spectrum of hemopoietic abnormalities in STAT5A/5B-deficient mice. We found that a subset of STAT5A/ 5B-deficient mice exhibited autoimmune pathology very similar to mice lacking IL-2 or its receptor components, characterized by lymphocytic infiltration of multiple organs, including the bone marrow. This disease correlated with decreased numbers of CD4 ϩ CD25 ϩ regulatory T cells, which undergo apoptosis at increased rates in the absence of STAT5. Our findings provide definitive evidence that STAT5 is critical for the maintenance of tolerance in vivo. In addition, our findings indicate that regulatory T cells require the activation of STAT5, most likely by the IL-2R, to maintain their own homeostasis in vivo, and that reduction of this population may contribute to the loss of tolerance evident in these mice.
Materials and Methods

Handling and characterization of mice
STAT5A/5B
Ϫ/Ϫ mice (18) were obtained from Dr. J. Ihle (St. Jude Children's Research Hospital, Memphis, TN) and backcrossed onto a C57BL/6 background for at least six generations.
IL-2R␤
Ϫ/Ϫ mice (7) were generously provided by Dr. T. Mak (Ontario Cancer Institute, Toronto, Ontario, Canada). Recombination-activating gene (RAG)1 Ϫ/Ϫ mice and C57BL/6 mice were purchased from The Jackson Laboratory (Bar Harbor, ME). Mice were housed in a pathogen-free rodent barrier facility and received mouse chow and acidified water ad libitum. All studies were performed on 6-to 8-wk-old mice unless otherwise specified, and littermates were always used as wild-type controls. Bone marrow was harvested by flushing femurs and tibias into 6 ml of PBS containing 2% FBS and 2 mM EDTA, and cell counts were determined after ACK (NH 4 Cl) lysis by trypan blue exclusion. Single-cell suspensions of spleens were generated by passing them through a 70-m nylon mesh strainer into 5 ml of PBS containing 2% FBS and 2 mM EDTA, and cell counts were determined after ACK (NH 4 Cl) lysis by trypan blue exclusion.
Flow cytometry
All Abs were obtained from BD PharMingen (San Diego, CA), and the following clones were used: Sca-1 (E13-161.7), Ly-76 (Ter-119), Gr-1 (RB6-8C5), CD3 (145-2C11), B220 (RA3-6B2), CD11b (M1/70), c-kit (2B8), CD4 (RM4-5), CD8 (53-6.7), CD25 (7D4), CD62L (MEL-14), CD44 (IM7), Bcl-2 (3F11), 5-bromo-2Ј-deoxyuridine (BrdU) (3D4), CD45RB (16A), and CD103 (M290), except goat polyclonal antiglucocorticoid-induced TNFR (GITR), which was purchased from R&D Systems (Minneapolis, MN). For blocking nonspecific binding to FcRs, purified Ab to CD16/CD32 (2.4G2) was used at 1:100 for 3 min. Subsequently, Abs to surface markers of interest were used at 1/60 dilution. Apoptosis staining was performed using annexin V-green fluorescent protein (generously provided by Dr. J. Ernst (University of California, San Francisco) (36)) along with other Abs to surface markers in 1.5 mM CaCl 2 . For intracellular staining of BrdU, cells were stained for expression of surface markers, and then fixed and permeabilized for 1 h at 25°C in 1% paraformaldehyde (PFA) with 0.1% Tween 20, washed, incubated with 10 mg/ml DNase 1 for 30 min at 37°C, washed, stained for 30 min at 25°C with anti-BrdU Ab at 20 l per sample with 7 l of FCS, and then washed. For intracellular staining of Bcl-2, cells were stained for expression of surface markers, and then fixed and permeabilized for 1 h at 25°C in 1% PFA with 0.1% Tween 20, washed, stained for 30 min at 25°C with anti Bcl-2 Ab at a 1/5 dilution, and then washed. All FACS analyses were performed using a FACSCalibur, and all sorting was performed using a FACSVantage (BD Biosciences, Mountain View, CA).
CD4
ϩ cell transfer Lymph node and spleen cells were harvested from C57BL/6 mice as described above. CD4 cells were purified using CD4 ϩ isolation kit (Miltenyi Biotec, Auburn, CA) per the manufacturer's instructions, and sometimes further purified using Ab to CD4 (RM4-5) by FACS. Purified CD4 ϩ cells were always Ͼ90%. A total of 1 ϫ 10 6 CD4 ϩ cells or no cells were injected i.p. into neonates (Ͻ96 h postbirth), and survival was assessed on STAT5A/5B-deficient mice.
Histology
Tissues were prepared by fixation in 1% PFA. Leg bones were decalcified in 19% EDTA for 10 days with changing of solutions every other day. Tissues were then dehydrated and embedded in paraffin. H&E staining was performed on 5-m-thick sections.
Statistical analysis
Data are presented as mean Ϯ SEM when appropriate. Statistical significance was assessed by two-sided Student's t test.
Results
Severe alterations in bone marrow progenitor populations in a subset of STAT5A/5B-deficient mice, coincident with infiltration of memory CD4 ϩ and CD8 ϩ T cells FACS analysis of the bone marrow compartment of STAT5A/5B-deficient mice at 6 -7 wk of age revealed a wide range in the severity of alterations in the representation of two progenitor subsets found among cells that have low expression of lineage-commitment markers: 1) the Sca-1 ϩ c-kit ϩ population, which contains the HSC; and 2) the Sca-1 Ϫ c-kit ϩ post-HSC myeloid progenitors, which include the common myeloid progenitor, megakaryocyteerythroid progenitor, and granulocyte-macrophage progenitor (37, 38) . Contour plots of c-kit and Sca-1 expression portray the normal distribution of the progenitor subsets from a typical STAT5A/ 5B ϩ/ϩ animal, and abnormal distribution in a moderately affected STAT5A/5B Ϫ/Ϫ animal and a severely affected STAT5A/5B Ϫ/Ϫ animal (as based on the criteria below) (Fig. 1) . These plots reveal a ϩ/ϩ animals (6.83 Ϯ 0.687). These data reveal that, based on the criterion of absolute number of cells in the Sca-1 ϩ c-kit ϩ population, the STAT5A/5B Ϫ/Ϫ genotype segregates into two fundamental groups.
To determine whether abnormalities in mature lymphocytes in a subset of animals might contribute to the existence of a bimodal distribution in STAT5A/5B-deficent mice, we examined lymphocyte subsets within the bone marrow of these mice. FACS analysis revealed that the mice with the most severe alterations in bone marrow progenitor subsets also had a substantial increase in the absolute numbers of memory CD4 ϩ ( Fig 
Cellular infiltration is observed in other organs of severely affected STAT5A/5B-deficient mice
To determine whether the T cell infiltration we observed in the bone marrow represented systemic pathology, we performed histological analyses of other organs, including liver, colon, and kidney. We observed significant cellular infiltration in all organs examined from the STAT5A/5B-deficient mice that exhibited increased numbers of T cells in the bone marrow, as described earlier. The colon was the most severely affected organ, with massive mononuclear and polymorphonuclear cell infiltration of the lamina propria (Fig. 3A) . The inflammation was associated with disruption of the architecture of the tissue including elongation of the crypts and widening of the gap between crypts. In the kidney, there was mononuclear cell infiltration of the tubular interstitium (large arrow) and sporadic alterations of glomerular architecture; primarily cell loss and apparent shrinkage (small arrow) were also noted (Fig. 3B) . The liver exhibited mononuclear cell infiltration surrounding the vasculature of the portal triad with few cells seen invading the parenchyma (Fig. 3C) . We did not observe infiltration of either the colon or the kidney in moderately affected STAT5A/ 5B-deficient mice or in STAT5A/5B wild-type littermates. However, we did observe a cellular infiltration of the liver parenchyma in one of the moderately affected STAT5A/5B-deficient animals, which had the characteristics of extramedullary hemopoietic foci (data not shown). Mononuclear and polymorphonuclear cell infiltration of multiple organs observed coincidentally with histologic destruction of the tissues in affected organs suggested the possibility that a more global breakdown of the maintenance of tolerance might be occurring in STAT5A/5B-deficient mice.
Reduced survival in STAT5A/5B-deficient mice is rescued on an immunodeficient RAG1-deficient background
We found that STAT5A/5B-deficient mice died spontaneously as early as 6 wk of age and that Ͼ70% (14 of 19) of these mice were dead by 20 wk of age (Fig. 4A) . Based on the mononuclear cell infiltration we detected in the livers, colons, and kidneys as well as the CD4 ϩ and CD8 ϩ T cell infiltration we observed in the bone marrow, we hypothesized that the premature deaths were linked to infiltration by lymphocytes. To test the hypothesis of a cause-andeffect relationship, we crossed the STAT5A/5B-deficient mice onto an immunodeficient RAG1 Ϫ/Ϫ background. Preliminary evidence indicated that both STAT5A/5B ϩ/Ϫ and STAT5A/5B Ϫ/Ϫ mice on the RAG1 Ϫ/Ϫ background were more susceptible to infection compared with mice on a RAG1 ϩ/ϩ background. This phenomenon was likely due to the neutropenia (Ref. 24 and data not shown) and NK cell deficiencies observed in these mice. To reduce the confounding effects of infection-related deaths on our assessment of the role of lymphocytes in STAT5A/5B-deficient mice, we measured survival curves for the various STAT5A/5B genotypes on both RAG1 ϩ/ϩ and RAG1 Ϫ/Ϫ backgrounds in the presence of antibiotics administered through the drinking water. We observed that, although Ͼ70% (5 of 7) of STAT5A/5B Ϫ/Ϫ mice on the RAG1 ϩ/ϩ background died by 20 wk, only 9% (1 of 11) of the STAT5A/5B Ϫ/Ϫ on the RAG1 Ϫ/Ϫ background had succumbed by the same time period (Fig. 4B) . Furthermore, examination of euthanized STAT5A/5B-deficient mice on the RAG1 Ϫ/Ϫ background revealed no evidence of mononuclear cell infiltration in any organs (data not shown). In addition, we found no alteration in the fractional representation (Fig. 4C) of the HSC or post-HSC myeloid progenitor subsets in the bone marrow of these mice compared with that of STAT5A/5B ϩ/ϩ animals on the RAG1 Ϫ/Ϫ background. To determine whether lymphocytes might contribute to other hematologic abnormalities observed in these mice, we performed RBC counts on STAT5A/5B-deficient mice on RAG1 ϩ/ϩ and RAG1 Ϫ/Ϫ backgrounds. We found that the presence of severe anemia in STAT5A/5B-deficient mice (Fig. 4D ) was rescued on a RAG1 Ϫ/Ϫ background (E), indicating that lymphocytes are indispensable for this pathology. These data demonstrate that the pathologies observed in multiple tissues, including alterations of bone marrow progenitor subsets and severe anemia, are dependent on the presence of lymphocytes. In addition, because the removal of lymphocytes rescued the early death exhibited by STAT5A/5B-deficient mice, these data suggest that the early death is linked to infiltration of these organs by lymphocytes. Finally, these results indicate that more animals will likely develop the pathology than initially thought based on the 6 wk time point. However, because ϳ25% of animals do not develop disease, although our initial estimates of the penetrance are underestimates, the disease still appears to follow a bimodal distribution.
Transfer of wild-type CD4 T cells is sufficient to abrogate disease
To assist in assessing the role of T cells in the pathology we observed, we transplanted either 1 ϫ 10 6 CD4 ϩ cells from wild-type mice or no cells into STAT5A/5B-deficient neonates and followed survival over 16 wk. We observed that, whereas 67% of STAT5A/ 5B Ϫ/Ϫ mice receiving no cells succumbed within 16 wk, no STAT5A/5B Ϫ/Ϫ mice that received CD4 ϩ cells died during the same period (Fig. 4F) . These results indicate that wild-type CD4 cells are sufficient to provide protection from early death to STAT5A/5B Ϫ/Ϫ mice.
Mice deficient for IL-2R␤ chain exhibit similar abnormalities in the bone marrow
Previous reports indicate some hemopoietic progenitor abnormalities in mice lacking IL-2 (39, 40), with mononuclear cell infiltration in the colon and liver and anemia in mice deficient for IL-2 (9), IL-2R␣ (8), or IL-2R␤ (7) similar to that observed by us in STAT5A/5B-deficient mice. We speculated that, if IL-2 signaling was responsible for the tolerizing effect of STAT5, mice deficient in IL-2 signaling would manifest the same specific bone marrow alterations that we had observed in the STAT5A/5B-deficient mice. Indeed, we found that, at 6 wk of age, mice deficient for IL-2R␤ exhibited bone marrow abnormalities including T cell infiltration and alterations in the representation of lineage marker-dim progenitor populations. The phenotypes appeared more severe in these mice and displayed a higher penetrance, because all IL-2R␤-deficient mice examined were markedly affected (Fig. 5 ).
In addition, as in the STAT5A/5B Ϫ/Ϫ mice, these abnormalities in the bone marrow were associated with a substantial increase in the absolute numbers of memory CD4 ϩ and CD8 ϩ T cells in the bone marrow compartment (Fig. 5) . These data, in conjunction with other similarities noted in these animals, suggest that loss of tolerance in these two mouse models results from defects in the same mechanism of maintaining tolerance.
STAT5A/5B-deficient mice have reduced numbers of CD4 ϩ CD25 ϩ regulatory T cells in secondary lymphoid organs and in peripheral tissue
Because the multiorgan autoimmunity seen in the STAT5A/5B Ϫ/Ϫ mice was strikingly similar to that seen in IL-2R␤ Ϫ/Ϫ mice, we hypothesized that the same mechanism for disruption of tolerance might be involved in both types of gene-targeted mice. One model to account for the loss of tolerance in these mice, is that a reduction in an IL-2-dependent subset of CD4 ϩ CD25 ϩ regulatory T cells causes a disruption in the maintenance of peripheral tolerance to multiple self-Ags (41) (42) (43) (44) (45) . Therefore, we examined STAT5-deficient mice for the number of T cells expressing these markers both in a secondary lymphoid organ, the spleen, and in an affected endorgan, the bone marrow. We observed that there was a ϳ4-fold decrease in both CD25 ϩ and CD25 Ϫ CD4 ϩ cells in the spleen, such that the relationship of CD4 ϩ CD25 ϩ to CD4 ϩ CD25 Ϫ cells was preserved (Fig. 6A) . In contrast, the absolute number of CD4 ϩ CD25 Ϫ cells in the bone marrow was unaffected in STAT5A/ 5B-deficient mice, whereas the absolute number of CD4 ϩ CD25 ϩ in this tissue was reduced 2-fold in STAT5A/5B Ϫ/Ϫ mice compared with wild-type mice (Fig. 6B) . To exclude the possibility that CD4 ϩ CD25 ϩ cells had down-regulated CD62L and thus represented activated naive cells that confounded quantitation of regulatory T cells (46), we also examined the expression of CD62L. We found that 78.1% of CD4 ϩ CD25 ϩ cells in the spleens of STAT5A/5B ϩ/ϩ animals were CD62L high , whereas only 33.8% of these cells in the spleens of STAT5A/5B Ϫ/Ϫ mice were CD62L high (Fig. 6C) . Therefore, by this analysis, there was in fact a relative reduction in the actual number of regulatory T cells vs nonregulatory T cells in the spleens of STAT5A/5B-deficient animals. Similar results for CD62L expression were observed in the bone marrow. Because CD25 is regulated by STAT5, we wished to demonstrate that the reduction in regulatory T cells we observed was not in fact due simply to down-regulation of surface markers in the absence of STAT5. We found that there was a representational decrease in CD4 ϩ CD62L high cells with a CD45RB low (Fig.  7, C and D Ϫ/Ϫ mice may contribute to a loss of peripheral tolerance in these mice, thereby causing the multiorgan autoimmunity observed in a manner similar to mice that lack all IL-2R signaling.
CD4
ϩ CD25 ϩ regulatory T cells have an increased rate of apoptosis and decreased Bcl-2 expression in STAT5A/5B-deficient mice
To determine how STAT5 may contribute to maintenance of CD4 ϩ CD25 ϩ cells, we examined both proliferation and apoptosis of this subset in vivo. We observed a ϳ2-fold increase in the proportion of CD4 ϩ CD25 ϩ CD62L high cells in the spleen staining positive for annexin V in STAT5A/5B Ϫ/Ϫ mice compared with wild-type mice (Fig. 8A ). In addition, in vivo labeling with BrdU revealed that the proportion of CD4 ϩ CD25 ϩ CD62L high cells in the spleen that were BrdU high , and thus had incorporated BrdU during DNA synthesis in the periphery, was increased in STAT5A/ 5B Ϫ/Ϫ mice compared with STAT5A/5B ϩ/ϩ mice (data not shown). Therefore, despite an apparent ability to undergo homeostatic proliferation in secondary lymph organs, the regulatory T cell population in STAT5A/5B Ϫ/Ϫ mice has a higher rate of cell death, which correlates with the reduction in their numbers in these animals. In addition, we also observed a ϳ2-fold increase in the proportion of CD4 ϩ CD25 ϩ CD62L high cells in the spleen staining positive for annexin V in IL-2R␤ Ϫ/Ϫ mice compared with wildtype mice (data not shown). To determine whether Bcl-2 might play a role in the regulation of apoptosis in regulatory T cells, we then examined its expression in these cells by intracellular FACS. We found that nearly all of these CD4 ϩ CD25 ϩ CD62L high cells in the spleen expressed Bcl-2 protein in wild-type mice (Fig. 8B, left  panel) , whereas fewer than half of CD4 ϩ CD25 ϩ CD62L high cells in the spleen of STAT5A/5B-deficient mice expressed Bcl-2 protein above background (B, right panel). An even more striking reduction in the proportion of CD4 ϩ CD25 ϩ CD62L high cells expressing the Bcl-2 protein above background was observed in IL-2R␤ Ϫ/Ϫ mice compared with wild-type mice (data not shown). These data indicate that STAT5 contributes to the homeostasis of CD4 ϩ CD25 ϩ regulatory T cells in part through survival effects that may be mediated through Bcl-2. Similar results observed in IL-2R␤ Ϫ/Ϫ mice suggests that IL-2 may be the cytokine that provides the STAT5-dependent survival signals to the regulatory T cells that are critical for their homeostasis. In addition, we found that, when whole spleen and lymph node cells were cultured for 24 -48 h in the presence of IL-2 or IL-2 and PMA, CD4 ϩ CD25 ϩ CD62L high cells from STAT5-deficient mice displayed increased rates of apoptosis, as assessed by annexin V staining, compared with these cells from wild-type mice (data not shown), further supporting a model in which IL-2 mediates survival of these cells through activation of STAT5.
Discussion
Because STAT5 is activated by a diverse array of cytokine receptors, we hypothesized that defects that are non-cell autonomous to early progenitors might contribute to the complex, and variably expressed, hematologic defects in STAT5A/5B-deficient mice. Specifically, we posited that a loss of tolerance in the adaptive immune system might lead to autoimmune-mediated effects on hemopoiesis. Three lines of evidence led us to this hypothesis: 1) an autoimmune etiology has been postulated to be responsible for a number of human diseases that affect the function of hemopoietic progenitor cells and interfere with their ability to produce mature cells of the hemopoietic lineages, such as aplastic anemia, pure red cell aplasia, and paroxysmal nocturnal hemoglobinuria (48 -51); 2) the role of IL-2 and its receptor system in the maintenance of tolerance has been well established (7) (8) (9) (10) 13) , and mice lacking IL-2 manifest hemopoietic abnormalities affecting bone marrow (39, 40) ; and 3) the importance of STAT5 activation by the IL-2R system has been well documented in vitro and in vivo (11, 12) .
In a higher resolution examination of the early progenitor compartment of the bone marrow of STAT5A/5B-deficient mice, we established two phenotypic categories, which we termed moderately affected and severely affected. The two most striking characteristics of the severely affected mice were dramatic increases in the HSC-containing population and low production of post-HSC myeloid progenitors despite the increased HSC population. We found that the severely affected mice exhibited a dramatic increase in the number of memory CD4 ϩ and CD8 ϩ T cells infiltrating the bone marrow. Because STAT5A/5B Ϫ/Ϫ mice are lymphopenic, this infiltration of T cells represents a heightened recruitment of lymphocytes into this tissue rather than a new equilibrium reached with an increased total T cell pool. T cells localized aberrantly in the bone marrow could cause the progenitor effects observed either by inhibiting the productive capacity of HSC or by reducing the number of post-HSC. Further study is required to determine whether these effects are caused by Ag-specific autoimmunity or by bystander effects and whether the effector cells that are responsible for pathology are CD4 ϩ or CD8 ϩ T cells (4, (52) (53) (54) . We found that the immune cell infiltration was a more general phenomenon, because we observed it in all organs examined, including colon, kidney, and liver. In both the colon and the kidney, this infiltration resulted in architectural abnormalities, which could have resulted in compromised function of these tissues. These severe abnormalities in multiple organs most likely contribute to the 70% incidence of premature death observed in STAT5A/5B-deficient mice by 20 wk of age. The longitudinal analysis indicates that the cross-sectional analysis performed at 6 -7 wk of age detected the presence of disease in only a fraction of those animals that would ultimately develop pathology. Crossing the STAT5A/5B-deficient mice onto the RAG1 Ϫ/Ϫ background abrogated severe anemia, the incidence of early death, and any visible alterations in bone marrow, colon, kidney, and liver in STAT5A/5B Ϫ/Ϫ animals. In addition, addition of wild-type CD4 ϩ cells into STAT5A/5B
Ϫ/Ϫ mice abrogated early death in these mice, demonstrating that CD4 cells are sufficient to prevent disease. These observations suggest that defects in STAT5A/5B Ϫ/Ϫ lymphocytes, probably within CD4 ϩ cells in particular, are responsible for the observed pathology. The complex effects of STAT5 deficiency on other cell types such as the bone marrow progenitors (18, 24, 25, (27) (28) (29) (30) (31) may also play a role in the pathology observed in these organs.
The lymphocytic infiltration of the colon and liver as well as the recognized role of STAT5 in IL-2 signaling implicated impaired signaling by this cytokine as the cause of loss of tolerance in STAT5A/5B-deficient mice. In further support of this, all IL-2R␤ Ϫ/Ϫ mice possessed bone marrow characteristics similar to the severely affected STAT5A/5B Ϫ/Ϫ mice. In addition, regulatory T cells from STAT5A/5B-deficient mice did demonstrate reduced survival in response to IL-2 in vitro. A previous study found that
IL-2R␤
Ϫ/Ϫ mice expressing a mutant IL-2R␤ transgene that is unable to activate STAT5 did not develop autoimmune disease. However, this model used a transgene on a knockout background that may not faithfully recapitulate endogenous IL-2R␤ expression in certain subpopulations. In addition, the measurement of T cell activation and autoimmune disease was done at 8 wk. It is possible that the occurrence of pathology is delayed in these mice compared with IL-2R␤ Ϫ/Ϫ mice. It is interesting to note that the JAK-binding S region appears to be able to function with either the H or A region to prevent autoimmune disease in these mice. It might be interesting to know whether the JAK-binding S region alone would suffice as well. Additional experiments must be undertaken to reconcile these discordant pieces of data (55) . In addition, the severity of the abnormalities in the IL-2R␤-deficient mice was markedly higher compared with the defects in STAT5A/5B-deficient mice. The increased penetrance and severity of pathology in the IL-2R␤ Ϫ/Ϫ mice might be explained by one or more differences between STAT5A/5B Ϫ/Ϫ and IL-2R␤ Ϫ/Ϫ mice. First, loss of STAT5 signaling may not fully disable IL-2 signaling competence, whereas loss of the ␤ subunit of the IL-2R would have more profound effects on the complex downstream signaling pathways. This distinction might allow persistence of a portion of the tolerogenic effect of IL-2R signaling in the STAT5A/5B-deficient mice. Second, loss of STAT5 has more wide-ranging effects on lymphocytes than loss of IL-2R␤ (18, 24, 30, 31) , which may result in reduced incidence of autoimmunity or a reduced ability of effector populations to cause damage. In any event, it would appear that STAT5 is an important mediator of IL-2-mediated tolerance maintenance.
Currently, loss of tolerance in the absence of IL-2 or any of its receptor components is thought to be due to loss of two tolerizing mechanisms. First, activation of the IL-2R is important for upregulation of Fas and activation-induced cell death (6, 34, 56, 57) . Second, there is a requirement for this cytokine in the maintenance of a population of CD4 ϩ CD25 ϩ regulatory T cells (41-43, 58, 59). Reduced number and/or function of these regulatory cells have been observed in multiple mouse models of autoimmunity (44, 45, 60) . Furthermore, such cells possess the capacity to inhibit responses of CD4 ϩ CD25 Ϫ T cells in vitro (61) (62) (63) . The dependence of such regulatory T cells on the presence of IL-2 and intact receptor components has been shown both in vivo and in vitro (41, (43) (44) (45) . However, the signaling molecules downstream of IL-2 and its cognate receptor that are important for the regulation of these cells and the mechanisms by which these signals affect cell number are not well understood (13) . A representational loss of CD4 ϩ CD25 ϩ cells has been reported in the spleens of DO11.10 STAT5A-deficient mice (33) , but the relevance of this observation to the role of STAT5 in the maintenance of tolerance has not been explored. In the present study, we found that there were reductions in the number of regulatory T cells in both the spleen and lymph nodes by multiple cell surface criteria, and in an end-organ tissue, the bone marrow, by CD4 ϩ CD25 ϩ phenotype, in STAT5A/5B
animals. These data demonstrate that STAT5 is indispensable for the maintenance of this population in vivo, which may contribute significantly to the loss of tolerance in these mice. In addition, the results of the CD4 ϩ add-back experiment provide evidence that a population of wild-type CD4 ϩ cells can rescue the defects in these mice, which supports the hypothesis that loss of regulatory T cells could be involved in the loss of tolerance observed.
Interestingly, although all STAT5A/5B-deficient animals exhibited reduced numbers of these cells, not all of the mice developed autoimmune pathology or succumbed to premature death. Because many of the phenotypes seen in STAT5A/5B-deficient mice exhibit varying degrees of expression in individual mice, development of autoimmunity may require a convergence of multiple threshold effects.
The mechanism by which IL-2 contributes to the maintenance of these cells in vivo is under intense investigation. Defects in thymic development, or in peripheral proliferation or survival, could all be involved. Our finding that a greater proportion of CD4 ϩ
CD25
ϩ CD62L high regulatory T cells were apoptotic in STAT5A/ 5B-deficent animals compared with littermates implies that STAT5 may be important for the survival of the cells. These data are consistent with earlier work by ourselves and others (24, (27) (28) (29) that showed STAT5 to be an important mediator of survival signals in multiple cell types. In addition, this hypothesis was further supported by the observation that a smaller proportion of the CD4 ϩ CD25 ϩ CD62L high cells were positive for Bcl-2 protein, which may be an important target of STAT5 in providing survival signals. IL-2 has been shown to provide antiapoptotic signals to cell lines in vitro (64) and to activate Bcl-2 transcription through STAT5 (65) . These findings are consistent with the known role for STAT5 as a mediator of survival signals in other cell types (27) (28) (29) . However, other STAT5-dependent mechanisms could be important for providing increased survival in these cells, such as upregulation of other Bcl-2 family members or the IL-2R␣ chain (66) . The finding that these cells in IL-2R␤ Ϫ/Ϫ mice also have increased apoptosis and decreased expression of Bcl-2 suggest that the IL-2R mediates effects on regulatory T cells in part though modulation of their survival, perhaps through STAT5-dependent effects. Additionally, these data suggest a novel role of apoptosis in the cytokine-mediated homeostasis of this cellular population (44, 45) .
Our data support a model in which IL-2 contributes to the survival of CD4 ϩ CD25 ϩ CD62L high regulatory T cells in vivo, through receptor-mediated activation of STAT5. The reduction in the number of these cells contributes to loss of tolerance in STAT5A/5B-deficient animals, leading to a lymphocyte-dependent autoimmune disease affecting multiple organs. One sequela of this disease is the lymphocyte-dependent perturbation of the hemopoietic system, contributing to the complex hematologic phenotypes seen in STAT5A/5B-deficient mice.
These data provide the first evidence that STAT5 is important for the maintenance of tolerance in vivo, which adds a new function to the growing list that this transcription factor plays in the context of the organism. Whether STAT5 plays its tolerogenic role downstream of the IL-2R exclusively, or whether other receptors are involved, must be further explored. In addition, the extent of the cell types involved in STAT5-dependent maintenance of tolerance and the downstream genes through which STAT5 mediates these effects need further study.
